One of the consequences of Cooper pairs having a finite momentum in the interlayer of a Josephson junction, is π-junction behavior. The finite momentum can either be due to an exchange field in ferromagnetic Josephson junctions, or due to the Zeeman effect. Here, we report the observation of Zeeman effect induced 0-π transitions in Bi 1−x Sb x , 3D Dirac semimetal-based Josephson junctions. The large g-factor of the Zeeman effect from a magnetic field applied in the plane of the junction allows tuning of the Josephson junctions from 0-to π-regimes. This is revealed by sign changes in the modulation of the critical current by applied magnetic field of an asymmetric superconducting quantum interference device (SQUID). Additionally, we directly measure a nonsinusoidal current-phase relation in the asymmetric SQUID, consistent with models for ballistic Josephson transport. 1 arXiv:1807.07725v1 [cond-mat.mes-hall] 
Introduction
Electrons in a Dirac semimetal possess a linear dispersion in all three spatial dimensions, and form part of a developing platform of novel quantum materials. Bi 1−x Sb x is particularly interesting as it possesses a linear dispersion relation either for three-dimensional Dirac bulk states [1] or two-dimensional topological surface states [2] depending on the Sb doping concentration (x). Bi 1−x Sb x supports a three-dimensional Dirac cone at the Sb-induced band inversion point around x = 0.03.
It was recently shown for a Dirac semimetal-based Josephson junction, that the Josephson supercurrent is partly carried by 4π-periodic Andreev bound states [3] . Furthermore, it was shown that the giant g-factor of the electron pocket (the Dirac cone) leads to a large Zeeman effect for an in-plane magnetic field along one of the elongated axes. The considerable shift of the Fermi surfaces in opposite direction for opposite spins provides a large enough finite total momentum of the Cooper pairs to enter the π-junction regime at low magnetic fields. A π-junction can be the energetic ground state for a large variety of physical reasons, such as the presence of magnetic field [4, 5] , magnetic impurities [7] , magnetic exchange fields in superconductor-ferromagnet-superconductor Josephson junctions [8] , unconventional order parameter symmetries, such as in corner junctions employing the d-wave order parameter symmetry in high-T c cuprates [9] , and non-equilibrium population of quasiparticles [10] .
Only recently the scenario of the Zeeman effect induced π-junction was verified experimentally for junctions with the topological insulator, HgTe [11] , or the Dirac semimetal, Bi 1−x Sb x [3] , as interlayer. Whereas Li et al. showed oscillations in the supercurrent as ∆k increases with the magnetic field, the associated sign changes between the 0 and π states have not yet been revealed.
Here, we report the observation of 0−π transitions by incorporating a Zeeman π-junction in an asymmetric superconducting quantum interference device (SQUID), by which we can measure the current-phase relation (CPR) of the junction directly. The in-plane magnetic field can shift the phase of the SQUID oscillations of the out-of-plane magnetic field by π.
Moreover, the CPR was measured to be non-sinusoidal, which shows to be quantitatively consistent with models for ballistic Josephson junctions.
Ballistic Josephson junction in a SQUID configuration
We fabricated a direct current (dc) superconducting quantum interference device In Fig.1a , we show the measured CPR when the parallel field B // = 0. In an asymmetric SQUID, the total critical current does not drop to zero but oscillates around the I r . To better capture the CPR of the sample junction, we subtract the background current, obtained by a strong smoothing. A clear saw-tooth shaped CPR is observed in our experiment.
The CPR in an SIS or SNS junction in different limits has been intensively studied. In the tunneling region, the CPR is represented by I s = I c sin(φ), where φ is the phase difference between the two superconducting electrodes and the non-sinusoidal CPR was found in both the dirty [14] and the clean limit [15] of the Kulik-Omelyanchuk model (see also the review of [16] ). With a perfect transparency (D =1) , the CPR of the point contact junction in the clean limit is just a segment of a sine function. The non-sinusoidal effect is strongest at high transparency and decreases as the interface becomes more opaque, until the CPR eventually becomes sinusoidal at very low transparency. Later, the theory was extended to the SNS junction, with a normal metal material as the interlayer. It was shown that, for a long SNS junction (i.e. ξ 0 d ξ T , where ξ 0 =hv F /∆ is the superconducting coherence length in the normal metal and ξ T = ξ 0 T c /T is the thermal coherence length), the CPR becomes linear within one period: [16, 17] . Thus, in clean SNS junctions, the CPR has a saw-tooth shape at low temperature. If disorder is included (diffusive/dirty limit), then the CPR will be smoother and closer to a sinusoidal shape. The current amplitude also decreases rapidly with the increase of temperature and the saw-tooth shape changes gradually to a sinusoidal shape [13] .
To fit the data, we used a model [23] that is based on the Eilenberger equations for ballistic transport at arbitrary junction length and arbitrary interface transparencies. We first fit the temperature dependence of the extracted critical current amplitude I c (T ) ( Fig.2a) . A very high transparency D 0.98 and induced superconducting gap ∆ 4.5K are obtained. The coherence length ξ s ∼ 100nm ∼ L. Then, using the same parameters, we plot the simulated CPR data with the experimental data at different temperatures ( Fig.2b-f ). We find a good and self-consistent agreement between the simulated and experimental results, confirming the ballistic transport in the junction. In Fig.3a we show the CPR for parallel magnetic fields (along the current flow direction in the junction). In the 2D color plot, horizontal and vertical lines are drawn to indicate the nodes of the oscillations in parallel and perpendicular field respectively. In Fig.3b , the CPRs for different parallel field values (indicated by arrows) are plotted. From these CPRs, it is apparent that at specific B ⊥ values, the CPR changes from a maximum to a minimum, suggesting a π phase-shift each time.
In a previous work [3] , it was observed that, in a single Bi 0.97 Sb 0.03 Josephson junction, the critical current oscillates with the applied parallel magnetic field (along the z-axis). Such oscillations can be attributed to a finite-momentum pairing mechanism. Similar phenomena were extensively studied in superconductor-ferromagnet-superconductor (SFS) junctions:
the critical current oscillates with increasing ferromagnetic interlayer thickness due to sequential 0-π transitions. In SFS junctions, the exchange energy E ex is characteristic for the ferromagnetic layer. We can describe our S-Bi 0.97 Sb 0.03 -S junction with the same formalism by replacing the exchange energy E ex by the Zeeman energy E z = gµ B B. When a magnetic field is applied on Dirac semimetals, the Zeeman term shifts the two Weyl cones in opposite directions in momentum space, due spin-momentum locking. Such a change in band structure introduces a phase shift in Cooper pair potential [3] . This Zeeman shift is illustrated in Fig.3d .
The g-factor of the electron pocket at the L-point in Bi is found to be highly anisotropic and extremely large along the bisectrix [21, 22] . Since the Zeeman effect in Bi 0.97 Sb 0.03 is very similar to that in pure Bi, we use a value typically found in literature (g ∼ 800 − 1000 along the highly elongated direction). Because of this large g-factor, the Zeeman energy is already relevant at very low magnetic fields.
The critical current changes with B as
Here, the two characteristic field scales are B 1 , which corresponds the amplitude decay of I c , and B 2 , which describes the period at which the junction alternates between the 0-and the π-states. In the clean limit ( 
Discussion
Interestingly, we found that the critical current amplitude of the first π-state is smaller than the 0-state. And the shape of the CPR is gradually changing from the regular CPR as a function of magnetic field. This deformation of the CPR during the 0 − π transition has been observed in superconducting quantum dots and is understood as a combination of the 0-and π-states as the intermediate transition state [18, 19] . This coincides with the fact that part of the contribution to the critical current is from the hole pocket at the T-point in Bi 0.97 Sb 0.03 . The in-plane g-factor of the hole pocket is very small (< 2) [20] . Therefore the Zeeman effect in this channel should be negligible and no 0 − π transition should occur in our measured field range. This may explain why the critical current amplitude at the π-state (which originates from the electron pocket) dominates the total critical current and is slightly reduced at low field in π-state.
Conclusion
In summary, by incorporating a S-Bi 0.97 Sb 0.03 -S Dirac semimetal Josephson junction into an asymmetric SQUID, we have been able to measure the CPR as well as the 0−π transitions associated with the finite momentum of the Cooper pairs due to the Zeeman effect in parallel magnetic field. The junction critical current as a function of temperature as well as the CPR at all temperatures were self-consistently fitted by models for ballistic transport.
